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Abstract

The G-rich single stranded DNA at the 3’ end of human telomeres can self-fold into G-quaduplex
(GQ). However, telomere lengthening by telomerase or the recombination-based alternative
lengthening of telomere (ALT) mechanism requires protein loading on the overhang. Using single
molecule fluorescence spectroscopy we discovered that lengthening the telomeric overhang also
increased the rate of dynamic exchanges between structural conformations. Overhangs with five to
seven TTAGGG repeats, compared to four repeats, showed much greater dynamics and
accessibility to telomerase binding and activity, and loading of the ALT-associated proteins
RADS51, WRN and BLM. Although the eight repeats are highly dynamic, they can fold into two
GQs, which limited protein accessibility. In contrast, the telomere-specific protein, POT1 is
unique in that it binds independently of repeat number. Our results suggest that the telomeric
overhang length and dynamics may contribute to the regulation of telomere extension via
telomerase action and the ALT mechanism.
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INTRODUCTION

Human telomeres terminate in a 50-200 nucleotide single-stranded 3’ overhang that plays a
pivotal role in chromosome end protection (Makarov et al., 1997; McElligott and Wellinger,
1997; Wright et al., 1997). The G-rich overhang serves as the substrate for telomerase which
extends telomeres by adding tandem TTAGGG repeats(Greider and Blackburn, 1987) and as
a binding site for the POT1 protein which prevents the activation of the checkpoint kinase
ATR, inhibits sister chromatid fusion, and represses homologous recombination (Denchi and
de Lange, 2007; Hockemeyer et al., 2006; Palm et al., 2009; Wu et al., 2006). Furthermore,
the telomeric overhang invades the duplex region forming a t-loop(Griffith et al., 1999) and
thereby blocking ATR and ATM signaling which is essential to prevent the chromosome
end from being incorrectly recognized as a DNA double strand break (de Lange, 2009).

Owing to the end-replication problem, the ends of chromosome shorten with each round of
DNA replication in all somatic cells (Harley et al., 1990; Watson, 1972). The progressive
telomere attrition results in replicative senescence, growth arrest or apoptosis (Karlseder et
al., 1999; Smogorzewska and de Lange, 2002). Cancer cells, however, overcome this barrier
mostly (85-90%) by upregulating telomerase activity to sustain the telomere length (Kim et
al., 1994; Shay and Bacchetti, 1997). Nevertheless, significant subset (10-15%) of cancers
that are telomerase-negative lengthen telomeres by a telomerase-independent mechanism,
termed Alternative Lengthening of Telomeres (ALT) (Bryan et al., 1997; Bryan et al., 1995;
Cesare and Reddel, 2010). ALT is likely mediated by homologous recombination (HR)
mechanisms (Dunham et al., 2000; Lundblad and Blackburn, 1993; Varley et al., 2002).
Numerous proteins involved in telomere function, HR, DNA damage repair and DNA
replication are associated with ALT (Cesare and Reddel, 2008). Therefore, all cancer cells
exhibit indefinite lifespan supported by either the telomerase-catalyzed extension or ALT-
mediated lengthening of telomeres. Due to this common feature of all cancers, telomeres and
telomere-associated proteins have been attractive drug targets for anti-cancer therapy (Shay
and Bacchetti, 1997; Shay and Wright, 2002; Tarkanyi and Aradi, 2008).

The telomeric overhang presents a highly vulnerable target which can be misrecognized to
induce a DNA damage response that can lead to chromosome fusion and erosion (d’Adda di
Fagagna et al., 2004; Harley et al., 1990; Lingner et al., 1995; Palm and de Lange, 2008;
Shampay et al., 1984). Therefore, the capping and protection of the telomeric overhang is of
utmost importance for genome integrity. From Schizosaccharomyces pombe to humans, the
overhang is specifically bound by the shelterin component POT1, which prevents sSDNA
stimulated repair and recombination (Denchi and de Lange, 2007; Hockemeyer et al., 2005).
Furthermore, POT1 regulates access to the overhang to facilitate complete chromosome
replication (Colgin et al., 2003; Lei et al., 2005; Shakirov et al., 2005; Ye et al., 2004).

While many proteins need to gain access to the telomere overhang for maintenance and
lengthening, the G-quadruplex structure that can form in successive repeats of TTAGGG
may serve as a structural barrier to protein access. Recent reports provide strong evidence
that G-quadruplexes form in cells including at telomeres (Biffi et al., 2013; Paeschke et al.,
2013; Paeschke et al., 2011; Sfeir et al., 2009; Vannier et al., 2012). Structural studies show
that in the presence of K+ or Na+ ions, four TTAGGG repeats fold into stable G-
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quadruplexes consisting of three tetrads of four guanines interacting via Hoogsteen base
pairing (Hardin et al., 1991; Hardin et al., 1992). Oligonucleotides with four TTAGGG
repeats are poor substrates for telomerase due to G-quadruplex folding (Wang et al., 2011).
However, the current view of telomeric overhang structure is incomplete because it derives
largely from images of static molecules with four or fewer telomeric repeats.

Using highly sensitive single molecule techniques, we have examined the folding behavior
of overhangs with varying numbers of telomeric repeats (4-8) and how this behavior relates
to overhang accessibility to proteins involved in telomere processing. We observed that the
overhang structural dynamics increased as a function of length, and that the dynamic
properties influenced overhang accessibility. We investigated loading of several ALT-
associated proteins, along with POT1 and telomerase, both of which bind telomere
overhangs in a sequence specific manner. Our results reveal that overhangs with four
TTAGGG repeats fold into a stable G-quadruplex and are poor substrates for protein
loading. In contrast, five to seven repeat overhangs exhibit significantly higher dynamics
and corresponding accessibility to most of the molecules tested. Collectively, our
observations point to the importance of the dynamics of G-quadruplex structures located at
3’ overhangs in governing the processing of telomeres by proteins involved in telomere
lengthening mechanisms.

Telomere overhangs longer than four repeats display multiple conformations and

dynamics

Although numerous studies have examined the folding kinetics of human G-quadruplex
(GQ), studies of physiologically relevant telomeric substrates that have more than four
repeats of TTAGGG are limited (Bauer et al., 2011; Lane et al., 2008; Vorlickova et al.,
2005). Melting temperature and circular dichroism experiments have suggested that GQs are
blocks that resemble “beads-on-a string” and that they can move independently of each other
and are constrained only by connecting linkers (Petraccone et al., 2011; Yu et al., 2006). In
addition, molecules with telomeric repeats in multiples of four exhibit increased enthalpy
and entropy arising from stable GQ formation (Yu et al., 2006). On the contrary, a previous
AFM study showed that long telomeric 3’ overhangs did not form the maximum number of
GQ:s. Rather, they were dispersed, suggesting that GQ folding of overhangs longer than 4
repeats may be dynamic (Wang et al., 2010).

To investigate the effect of telomere repeat length on GQ conformation, we prepared a series
of 3’ overhang DNA substrates with varying numbers of TTAGGG repeats from 4 to 8,
which we refer to as G4-G8 hereafter. Each DNA was labeled with two fluorescent dyes,
Cy3 and Cy5 at both ends of the ssDNA for measuring FRET (Fluorescence Resonance
Energy Transfer). FRET, as a molecular ruler, reports on the folding status of the telomeric
overhang such that a high FRET signal indicates GQ folding in G4 DNA (Figure 1A). In
100 mM KCI, we obtained one, two, and four FRET peaks for molecules with four (G4),
five (G5), and six (G6) telomeric repeats respectively (Figure 1B). Each FRET histogram
was built from FRET values of over 5000 individual molecules. We interpret the discrete
FRET peaks as reflecting formation of one, two and four conformations in G4, G5 and G6,
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respectively. It is plausible that G5, for example folds up in two different ways i.e GQ
consisting of repeats 1-4 or 2-5, yielding two distinct FRET states. With seven telomeric
repeats (G7), we observed a broad FRET histogram, likely due to formation of multiple
conformations arising from various ways of GQ folding that yield a wide range of dye to
dye distance. For G8, we also obtained a broad FRET distribution, yet with a prominent high
FRET peak. Based on the total length of single stranded DNA of 48 nucleotide in G8, this
high FRET far exceeds the expected FRET value (below 0.2) in this buffer condition
(Murphy et al., 2004). Therefore, the unusually high FRET in G8 is likely due to the
formation of two GQs from two sets of four repeats (Figure 1B).

To confirm that the high FRET state represents folded GQ DNA, we examined overhang
dynamics in various monovalent salts. K+ and Na+ stabilize GQ folds by coordinating in the
central channel of the tetrads, however, the smaller Li+ ions do not support GQ folding (He
et al., 2005; Wong and Wu, 2003). As expected, 100mM NaCl induced similar distributions
of GQ conformations for G4-G8 as we obtained for 1000mM KCI conditions (Figure S1). We
note that the slight differences obtained for NaCl and KCl is likely due to different
conformations of GQ in sodium and potassium ion as reported previously (Ambrus et al.,
2006). In contrast to KCI and NaCl, 100mM LiCl induced broad FRET peaks for all
overhang lengths with overall lower FRET values, reflecting no discrete folding of GQs. To
test the sequence dependent folding of GQ, we prepared G4 and G8 mutants which bear
“TTAGCG (instead of TTAGGG) at the 4t and 8! repeat, respectively. Both mutants,
which differ from G4 and G8 by only a single nucleotide, resulted in a completely different
FRET distribution that reflect lower FRET unfolded states, similar to the LiCl condition.
This confirms that the high FRET peak for the G8 overhang in KCI and NaCl likely
represents two folded GQs, since mutating the last repeat eliminates the high FRET peak
even though a GQ could still form between repeats 1 to 7.

Next, we sought to probe the real-time dynamics in G4-G8 DNA by analyzing the single
molecule traces. The representative single molecule trace for G4 shows that it stays in one
high FRET state, which is consistent with the histogram. The G5 and G6 overhangs,
however displays two and four FRET states in exchange, respectively, likely representing
different conformations arising from alternative folding of GQ. G7 and G8 traces exhibit
many more FRET states, reflecting dynamic exchanges amongst multiple conformations
(Figure 1C). In addition, the rate at which conformations exchange becomes faster for longer
overhangs. To quantify this effect, we collected dwell times (6t, Figure 1C) from about 200
molecules for each DNA and fitted the data to an exponential decay. The halftlife, t1/»
obtained from the fit reveals that the fastest dynamic in G8 is one order of magnitude higher
than the slowest time obtained for G5. These faster dynamics observed for the longer
overhangs indicates that increased repeat number induces more rapid exchanges (Figure 1D,
Figure S1). Taken together, telomeric overhangs longer than four repeats exhibit dynamic
folding states and the longer lengths induce more complex conformations and faster
dynamics. Interestingly, despite the fast conformational dynamics, overhangs with eight
repeats display frequent transitions to the high FRET state, likely arising from the formation
of two GQs.
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GQ dynamics modulate overhang accessibility to complementary DNA

A short antisense strand of the telomeric sequence is frequently used to test unfolding of GQ
structures by forming duplex DNA with the unfolded molecules (Wang et al., 2010; Zaug et
al., 2005). In addition, antisense telomeric DNA exists in ALT cells in the form of c-circles
and has been employed as a specific and quantifiable marker of ALT activity in vivo
(Henson et al., 2009). We applied a similar 12 nt C2 complementary antisense (CCCTAA),.
molecule in excess (10nM) to test the accessibility of the G4-G8 overhangs. We note that
the annealing experiment was performed at room temperature without adding any external
source of heat. The FRET values from over one thousand molecules were taken before and
10 minutes after the addition of C2 DNA.Binding of C2 is expected to result in a FRET
decrease (Figure 2A). The FRET histograms were prepared from data collected before and
after C2 incubation, shown in dark gray and light blue, respectively (Figure 2B). As a
positive control, we included G3TTAG, a G4 overhang devoid of the two terminal Gs that
cannot fold into GQ (Hwang et al., 2012). The histogram for G3TTAG, G6 and G7 showed
a substantial shift to lower FRET values while G4, G5 and G8 remained nearly unchanged
after C2 incubation (Figure 2B). The lower FRET states upon C2 binding for the G6 and G7
overhangs are also broadly distributed, reflecting multiple conformations as seen before. The
percent accessibility was calculated by subtracting the histogram before C2 addition from
the histogram after the addition of C2, indicating the percentage of molecules that have C2
bound (Figure S2A, B). The same experiment was performed at an ensemble level using a
fluorometer, from which the accessibility was calculated by the % change in FRET value
before and after C2 addition. The same pattern of accessibility emerged from the two sets of
data, both pointing to a limited accessibility in G4, G5 and G8 molecules and increased
accessibility for G6 and G7. G5 was slightly more accessible than G4, which is consistent
with increased folding dynamics compared to G4. As evident from the data, G3TTAG
represents the most accessible substrate due to the lack of GQ folding. Despite high
dynamics in folding, G8 was largely inaccessible, likely due to the ability to form two GQs.

To determine whether stable GQ folding was responsible for the limited C2 binding to G4,
G5 and G8, we repeated the experiments in the presence of 100mM NaCl and 100 mM LiCl.
As expected, the similar pattern of accessibility was also obtained in the 200mM NaCl
condition where GQ structures resemble that of KCI condition (Figure S2B). In LiCl where
the GQ folding is unstable, the C2 accessibility to G4, G5 and G8 was as high as for the
control G3TTAG substrate (Figure S2C). Furthermore, the G4 and G8 mutants with a single
nucleotide change to prevent one or two stable GQ folds, respectively, also displayed high
accessibility to C2 (Figure S2D). In both the LiCl and mutant cases, the lack of stable GQ
folding is likely responsible for the increased accessibility to C2 strand binding for all
substrates.

To gain structural insight into C2 binding, we examined GQ images captured by atomic
force microscopy (AFM). We compared the least accessible substrate, G4, to one of the
most accessible substrates, G6. The G4 and G6 molecules pre-incubated with C2 appear as a
sharp peak representing the folded GQ (Figure 2D). We note that the two peaks in Figure 2D
represent two individual G4 molecules, both of which yield a single sharp peak and the same
is true for G6 peaks. Unlike a single peak arising from G4, the G6 peak possesses a shoulder
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peak that likely represents C2 binding (Figure 2E). We confirmed that the shoulder peak
only occurs in G6 incubated with C2, but not in G4. This is shown in the histograms where
the width of G4, G4+C2, G6 and G6+C2 are collected from about one hundred molecules
and plotted as a molecular frequency (Figure 2F). This data provides structural evidence that
while G6 is accessible to C2 binding, the G4 molecule is not.

GQ conformation influences RAD51 access

RAD51 is a key player in the homology-directed repair that triggers ALT pathway
(Oganesian and Karlseder, 2011). Furthermore, the inhibition of RAD51 synthesis leads to
telomere erosion and chromosome fusion, suggesting an important role of RAD51 in
telomere maintenance (Tarsounas et al., 2004). We sought to examine if GQ folding and
dynamics modulate RAD51’s ability to bind and resolve the GQ conformation (Figure 3A,
top). RAD51 addition to all substrates induced a substantial shift in FRET, except for the G4
substrate. The emergence of low FRET states upon RAD51 addition in all cases is likely due
to the filament formation expected from RAD51 binding (Figure 3B). G4 showed the lowest
accessibility, suggesting the presence of a stable GQ fold which limits RAD51 binding. The
percent accessibility resulting from all overhang lengths shows an overall resemblance to C2
anti-sense accessibility with the largest difference observed in G8 (Figure 3C, orange bars).
Unlike the case of C2 binding, G8 yields high accessibility to RAD51, likely due to the
small DNA binding size of RAD51. RAD51 is a structural homolog of the E. coli RecA
recombinase that engages 3 nt (Chen et al., 2008; Shin et al., 2003) of DNA per protein
monomer to form a filament (Arata et al., 2009; Hilario et al., 2009; van Mameren et al.,
2009). Therefore, the higher accessibility shown for RAD51 than C2 may be explained at
least in part by the different lengths of single stranded DNA required for RAD51 (3 nt)
compared to C2 (12 nt) binding.

WRN and BLM access to telomeric overhangs depend on the GQ folding dynamics

Human RecQ-family helicases Werner (WRN) and Bloom (BLM) can unwind GQs in vitro,
with high specificity (Liu et al., 2010; Mohaghegh et al., 2001). BLM, in conjunction with
RAD51 can interact with TRF2 in ALT-activated cells to promote telomere elongation
(Stavropoulos et al., 2002), while WRN is directly involved with telomeric recombination in
the ALT pathway (Mendez-Bermudez et al., 2012). However, both WRN and BLM require
a 3’ ssDNA tail to unwind a G-quadruplex (Mohaghegh et al., 2001). To determine whether
overhang length influences WRN and BLM loading and activity, we applied both proteins to
the overhang substrates (G4 to G8) and monitored potential FRET decreases as indicative of
protein loading and GQ unwinding (Figure 3A, bottom). The FRET histograms collected
after addition of WRN and ATP displayed a negligible (< 10%) shift for G4 and G8 while a
significant change was observed for G5, G6 and G7 (Figure S3A). The same pattern was
also seen for BLM (Figure S3B). To further examine the ATP dependence of the protein
loading, we applied WRN to the same set of DNA constructs in the absence of ATP and in
the presence of the non-hyrolyzable analog ATPyS. The accessibility data indicates that
WRN does not bind in the absence of ATP, but the binding occurs to a similar degree in the
ATP condition compared to the presence of ATPyS albeit reduced (Figure S3C). Taken
together, we demonstrate that the GQ folding in G4 and G8 are the least accessible to RecQ
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helicase loading, whereas G5 to G7 yield substantially higher accessibility, similar to C2
anti-sense binding (Figure 3C).

POT1 binding is independent of GQ folding and overhang length

Protection of Telomeres-1 (POT1) is a member of shelterin complex that guards and
controls the single stranded telomeric overhang (Denchi and de Lange, 2007). POT1
engages with the telomeric overhang in a sequence specific manner (TTAGGGTTAG) as
clearly demonstrated by the high resolution structure and biochemical characterization (Lei
et al., 2004). Recently, we reported that POT1 binds and thereby unfolds GQ in a stepwise
fashion in which one monomer binds TTAGGGTTAG in two successive steps (Hwang et
al., 2012). In the previous study, we used shorter overhang lengths, G2 to G4, to focus on
the detailed monomer binding steps. In the current study, we use G4 to G8 to test if POT1
binding is influenced by GQ folding and dynamics exhibited in the longer overhang (Figure
4A). The FRET histogram obtained after adding POT1 clearly shows that POT1 binding
occurred to a similar degree for all overhang lengths (Figures 4B, C). POT1 displayed a
binding mode that was independent of the inherent conformational states and dynamics
governed by the repeat number, in contrast to the repeat number dependent loading
exhibited by C2, RAD51, WRN and BLM.

Telomerase loading and extension activity is modulated by GQ dynamics

GQ structures inhibit telomerase activity (Salazar et al., 1996; Zahler et al., 1991), hence the
anti-cancer therapy efforts in developing drugs that stabilize GQ. The sequence specific
binding of telomerase to the telomere is achieved by the complementarity between the
telomeric overhang and the RNA template embedded in the catalytic site of telomerase
(Weinrich et al., 1997). In this respect, telomerase shares similarity with POT1. To examine
telomerase activity, we used an established telomerase isolation protocol. HEK 293T cells
were transfected with flag-tagged telomerase overexpression plasmids (generous gift from
Tom Cech) (Latrick and Cech, 2010). The cell lysate was applied to a single molecule
surface pretreated with anti-flag antibody (a-flag) to pull down the flag-tagged telomerase
(Jain et al., 2011). The pull-down efficiency was tested by applying the primary antibody
against telomerase followed by red (Alexa 647) labeled secondary antibody (Figure 5A).
The red fluorescent spots appeared only when all the components were present and were not
detected above background when any of a-flag, cell lysate or primary antibody was omitted,
indicating the highly specific capture of telomerase (Figures 5B, C).

We used this platform to evaluate overhang accessibility by applying green (Cy3) labeled
DNA followed by the primary and red labeled secondary antibody used above (Figure 5D).
By co-localizing the green and red signals, we were able to count the number of telomerase
molecules occupied by the corresponding DNA. The fraction of red molecules that co-
localize with green was used to calculate the percent occupancy of telomerase bound to
DNA (Figure 5E). The resulting bar graph reveals that G4 and G8 are less occupied by
telomerase than G3TTAG, G6 and G7, indicating a similar pattern of accessibility seen for
C2 and the helicases. The limited occupancy by G4 and G8 coupled with the enhanced
binding by G6 and G7 points to a loading mechanism of telomerase that relies on the
conformational dynamics of the telomeric overhang.
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Next, we asked if the telomerase extension activity reflected the overhang length
dependency of telomerase binding. We performed a modified version of primer extension
assay in which flag-telomerase was immunoprecipitated onto a-flag coated beads and the
telomere extension was stimulated by adding the individual DNA template and mix of
dNTPs including radiolabeled dGTP. The reaction was carried out in the same buffer
condition used for the single molecule assay at 37°C for one hour until the reaction was
quenched and analyzed by 12% PAGE (Figure 5F). We quantified the product of telomerase
extension by Image J and ImageQuant software. The total intensity collected for each DNA
was normalized by the total intensity obtained for G3TTAG, a positive control DNA
template that leads to the highest extension activity (Berman et al., 2011; Latrick and Cech,
2010). As shown, the telomerase extension also exhibits the similar length dependency with
limited activity for G4 and G8 and a significantly higher activity measured for G5-G7
(Figure 5G), suggesting that the telomerase loading to telomeric overhang may contribute to
the level of telomerase extension. The slight differences observed between the accessibility
of DNA and the telomerase activity can be due to several factors. It is possible that not all
the substrates bound to telomerase in the single molecule surface are productive i.e engaged
in correct orientation or position sufficient to yield telomerase activity. Further, the ability of
G8 to fold into two GQ structures may impact the ability of telomerase to engage the
overhang in the enzyme active site for telomere extension.

DISCUSSION

Early work suggested that the formation of GQ at the telomeric overhang limits access of
telomerase and other telomere binding proteins (Burger et al., 2005; Gomez et al., 200643;
Gomez et al., 2006b; Phatak et al., 2007; Tahara et al., 2006). Furthermore, DMS
footprinting study demonstrated that the GQ preferentially forms at the end of a 3’ overhang
rather than at the internal positions, suggesting that the GQ formation at the end position
may inhibit telomerase and ALT mediated telomere lengthening (Tang et al., 2008). Using
single molecule approaches we discovered that the telomere overhang length greatly
influences the dynamics of GQ unfolding. We sought to examine how DNA conformational
dynamics influences the accessibility of telomeric overhangs to proteins that are relevant for
telomere protection and lengthening. We observed that in general, increasing overhang
length led to increased conformational dynamics and greater accessibility to protein loading.
However, we also note interesting exceptions. First, the overhangs consisting of multiples of
four repeats were the least accessible regardless of length. We further confirmed this effect
by control measurements. In ionic conditions that stabilize GQ (NaCl and KCI), the G4 and
G8 remain inaccessible whereas they become fully accessible to complementary DNA (C2)
binding in LiCl buffer which destabilizes GQ. Further, the GQ folding is disrupted by a
single nucleotide mutation in both G4 and G8 cases, making them fully accessible to C2
binding. Second, the binding of the telomeric protein POT1 was not influenced by overhang
length or dynamics. In light of the intimate contact between POT1 and telomeric overhang
DNA displayed in their structure (Lei et al., 2004), it is not surprising to observe that POT1
can actively disrupt the GQ folding. Collectively, these studies indicate that telomere
overhang length modulates telomere processing with the exception of POTL1.
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The single molecule FRET employed here is an ideal approach in several respects. First, the
range of distance change induced by GQ folding and unfolding is within the FRET sensitive
detection range. Second, single molecule detection enables the resolution of various
conformers of GQ exhibited by the different overhang lengths. Although we cannot identify
the exact conformations represented by different FRET values, the overall histogram
obtained for G4, G5, G6, G7 and G8 reveals one, two, four and multiple states, respectively,
as can be expected from alternate pairings of G-triplets (Figure 1B). Although different
FRET values observed in G5-G7 do not inform us about the exact conformations, we predict
that the GQ formed by neighboring G-triplets contributes to the various folding states. For
example, there are three ways that G6 can fold by pairing up of repeats 1-4, 2-5, 3-6 and the
fourth state can result from a flanking of the single stranded portion of DNA. Third, single
molecule traces reveal the real-time molecular dynamics of GQ as it undergoes
conformational changes by itself (Figure 1C). Individual single molecule traces of G5-8
reveal that they are in dynamic exchange with alternate conformers and that the rate of
exchange is accelerated as the repeat number increases (Figures. 1C, D). While the
conformers appear to be evenly distributed amongst different conformers in G5-G7, G8
displays a pronounced high FRET peak which exceeds the other states (Figure 1B). We
interpret this high FRET as arising from two GQs forming on G8, which in turn yields low
accessibility to several proteins tested herein. Consistent with this, mutation of the 8th repeat
prevent two GQs from folding and eliminates this high FRET peak, even though a single
GQ fold can still form among repeats 1 through 7. It is interesting to note that G8 exhibits
both the high propensity for folding and the fast dynamic behavior. While small proteins
such as RAD51 gains access to such construct, most other proteins had a significantly
reduced access to G8.

The conformational dynamics of DNA and its length dependent accessibility to various
proteins may have implications for when the telomeric overhang becomes exposed during
replication, for example. Although it may be transient, the free single strand overhang is
expected to exhibit conformational dynamics while proteins such as POT1, telomerase and
ALT associated proteins will compete for binding to the same overhang. Based on our
result, the number of TTAGGG repeats at the very end of an individual telomere will
influence its conformational dynamics and the corresponding level of accessibility to the
available proteins. Depending on which protein gains access, the telomere will face different
outcomes. If the end is bound by telomerase, it will be extended whereas if the end is
accessed by RADS51, the end may undergo a homology directed repair pathway (Cesare and
Reddel, 2008; Henson et al., 2002). However, in normal somatic cells, it is likely that the
telomeric end is readily occupied by POT1. In a cell, the folding of a telomeric overhang
into a GQ converts it to substrate for binding by various proteins that can interact with GQ
structures and compete for loading. However, evidence shows that POT1 can effectively
compete for loading on the telomeric overhang due to telomere tethering by shelterin TPP1-
TIN2 (Takai et al., 2011). TPP1 also recruits telomerase to the telomeres in a cell cycle
regulated matter (Zhang et al., 2013). Therefore, the status of the shelterin complex at the
telomere contributes to protein recruitment and loading on the overhang. Our data indicate
that overhang structural dynamics also contribute to regulating protein accessibility.
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Importantly, we showed that POT1 can load on telomeric overhangs that are pre-folded in a
GQ, including the G4 and G8 substrates (Figure 4).

Taken together, we have provided in vitro evidence that GQ folding at the 3’ end of the
telomeric overhang plays a critical role in controlling protein access. All ALT associated
proteins tested here show the length-dependent loading that resembles C2 binding with the
exception of RAD51 which readily gains access to G8 which renders low accessibility to all
other proteins tested. In contrast, POT1 bound the G4-G8 substrates with equal efficiency,
clearly indicating a different binding mode that leads to active disruption of GQ (Hwang et
al., 2012; Wang et al., 2010; Zaug et al., 2005). A better understanding of the mechanisms
for regulating chromosome end structure and accessibility will help identify new targets for
anti-cancer therapies, with improved specificity for telomeres. Furthermore, our single
molecule platform provides a screening tool for testing the current and future generation GQ
ligands, thereby assessing anticancer drugs with single molecular sensitivity. Many factors
likely contribute to the regulation of telomere lengthening by ALT or telomerase, and our
data provide evidence that telomere overhang length is one factor that may contribute to this
regulation.

MATERIALS AND METHODS

Ensemble C2 Measurements

Bulk measurements were performed at room temperature 24 + 1°C in a standard, G-
quadruplex formation reaction condition: 100mM KCI, 100mM Tris, with a 10nM partial
duplexed telomeric DNA sample. The reaction was initiated with 1nM of C2 DNA. FRET
efficiency, E, was monitored with a fluorescence spectrophotometer (Cary Eclipse, Varian).
Accessibility of G-quadruplex DNA was determined by comparing DNA-only FRET
efficiency, Epna, With steady-state efficiency after C2 addition, Eco+pna according to:

E —E

DNA C2+DNA

E

DNA

AFM Sample Preparation and Imaging

DNA substrates were diluted to 2ng/uL in reaction buffer with additional 10 mM MgCI2.
All samples were incubated at room temperature for 15 minutes. Samples were deposited on
freshly cleaved mica (Ted Pella, Redding, California), followed by a wash with deionized
water and drying with nitrogen. Imaging was performed on a Cypher AFM (Asylum
Research, Santa Barbara, CA) in tapping mode. AC160TS AC mode silicon probes with
spring constants of ~42 newtons/m and resonance frequencies of 300 kHz were used. Images
were captured at a scan size of 1 um by 1 um with a resolution of 1024 by 1024 pixels.

Protein Purification and Reaction Conditions

RADS51 was purified in a similar way described previously(Sigurdsson et al., 2001). Single
molecule experiments were done at 37C and used 1JuM RADS51 with reaction buffer
containing 50mM KCI, 1ImM MgCI2, and 1mM ATP. The purified hetrotrimer RPA was a
kindly provided by Dr. Walter Chazin (Vanderbilt University)(Arunkumar et al., 2005). The
reaction used 1uM RPA with 100mM KCI and 10 mM Tris. WRN proteins were purified as
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described previously (Opresko et al., 2009). Reactions were performed in 25mM KCI, 1mM
MgCI2, 10mM Tris pH 7.5, and 2mM ATP. BLM was purified as described
previously(Bussen et al., 2007) and single molecule reactions were performed with 100nM
BLM in the presence of 3mM MgCI2 20mM Tris pH 7.6, 50mM KCI, and 2mM ATP.

Gel Mobility Shift assay

10nM partial duplex telomeric overhang was mixed with and without 200nM RPA with Cy5
dyes at the junction and incubated for 15 minutes at 37C with 2mM MgCI2, 10mM Tris pH
7.6, and 50mM KCI. The reaction mixture was loaded and ran on a 6% acrylamide gel 65V
for 2 hours with 0.5x TBE running buffer. Analysis in Image J was used to quantitate
accessibility percentages by taking the area of DNA with RPA and normalizing it to the
areas of the sum of DNA with RPA and DNA alone.

Telomerase overexpression

Over-expression of telomerase was carried out using modification to an established protocol
(Cristofari and Lingner, 2006). Cell lysate containing recombinant telomerase was
reconstituted in HEK293T cells by over-expressing hTR and 3xFLAG tagged hTERT genes
in pBS-U1-hTR and pVan107 respectively (generous gifts from Dr. Thomas Cech). Cells
were grown to 90% confluency containing DMEM medium (Gibco) supplemented with 10%
FBS (Gibco) and 1% Pen Strep (Gibco) at 37°C and 5% CO2. Cells were transfected with
10ug of pBS-U1-hTR plasmid and 2.5 pg pVan107 plasmid diluted in 625 pl Opti-MEM
(Gibco) using 25 pl Lipofectamine 2000 (Invitrogen) diluted in 625 pl Opti-MEM according
to the manufacturer’s instruction. Cells were allowed to grow for 48 hours post-transfection,
at which point they were trypsinized and washed with phosphate buffered saline and lysed
using 500 pl Chaps lysis buffer (10mM Tris-HCI, ImM MgCI2, 1mM EDTA, 0.5%
CHAPS, 10% Glycerol, 5mM B-Mercaptoethanol, 120U Promega RNasin plus, 1pg/ml
pepstatin, aprotinin, leupeptin, chymostatin, and 1mM AEBSF). Cell lysate was then either
flash frozen in liquid nitrogen and stored at —80°C, or immunopurified.

Immunopurification of telomerase

Telomerase enzyme was immunopurified from cell lysate using anti-flag M2 affinity gel
(Sigma). Prior to addition of the affinity gel to the cell lysate, 40ul of affinity gel beads were
washed three times with 40ul of 1x human telomerase buffer (50mM Tris-HCI pH8, 50mM
KCI, 1ImM MgCI2, 1mM spermidine, 5mM p-Mercaptoethanol, and 30% glycerol) by
centrifugation at 4000 RPM for 1 minute at RT followed by removal of the 40l supernatant.
Following washes, 80pl of affinity gel-human telomerase buffer slurry was added to the
500ul cell lysate and placed on a rotator for 3 hours at 4°C. After centrifugation at 4000
RPM and removal of liquid the beads were washed three times with 1x human telomerase
buffer, and flash frozen in liquid nitrogen as 80pl of bead slurry in 1x human telomerase
buffer and stored at -80°C.

Single Molecule Pull-down of Telomerase and Co-localization with Telomeric DNA

We utilized single molecule pull-down methods to pull down the telomerase complex from
over expressed telomerase cell lysate(Jain et al., 2011).
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Telomerase was isolated on the biotinated-PEG coated quartz surface in the following order:
Streptavidin, 1:50 antiflag antibody (Sigma, mouse M2, F9291), 1:200 cell lysate, 1:100
primary hTERT antibody (Abcam, rabbit monoclonal), and 1:10,000 secondary antibody
labeled with Alexa647 (Jackson Immunoresearch, donkey anti-rabbit).

Each step was incubated for 15-30 minutes and 200uL of telomerase reaction buffer (50mM
Tris-Cl pH8, 50mM KCI, 1mM MgCI2) was flowed in to wash out unbound molecules in
between each addition. The channels without anti-flag antibodies, primary antibodies, or cell
lysate showed <50 fluorescent spots per imaging area of 2500um?, possibly due to surface
impurities.

To check the binding affinity of telomerase to DNA, 1nM of the partial duplex telomeric
DNA labeled with Cy3 was incubated with the isolated telomerase on the surface prior to the
addition of antibodies. It was then washed before the hTERT primary and Alexa647
secondary antibodies were added.

Telomerase extension assay

The telomerase extension assay was a modification of a previously described protocol (Zaug
et al., 2010).The telomerase extension reaction mixture (20pl) contained 1x human
telomerase buffer (described above), 2ul of 3000 Ci/mMole 32P-dGTP (Perkin Elmer),
0.058mM dGTP, 10mM dTTP, 10mM dATP, 1uM telomeric partial duplex DNA substrate
and 6ul immunopurified telomerase complex. Reactions were incubated for 1 hour at 30°C,
then stopped with the addition of 2ul 0.5M EDTA and heat inactivated at 65°C for 20
minutes. 8.0 fmol of a 37-mer loading control was added prior to purification of the sample
using an Illustra microspin G-25 column (GE Life sciences) followed by the addition of 15yl
of loading buffer (94% formamide, 0.1x TBE, 0.1% bromophenol blue, 0.1% xylene cyanol)
to 15ul of sample. The heat denatured (10minutes, 100°C) samples were loaded onto a 10 %
denaturing acrylamide gel (8M urea, 1XTBE) for electrophoresis. 32P incorporation was
imaged using a phosphor screen and phosphorimager (GE Healthcare). Total activity was
quantitated using ImageJ and ImageQuant and normalized to a loading control as established
previously(Jain et al., 2011; Latrick and Cech, 2010). Briefly, each band is individually
quantitated, summed, and normalized to the activity seen with the G3TTAG construct.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Schematic of DNA used for single molecule FRET. Two dyes, Cy3 and Cy5 are
attached to both sides of 4 repeats of TTAGGG. High FRET and low FRET correspond to
folding and unfolding of G-quadruplex (GQ), respectively. (B) Single molecule frequency
histograms of DNA with 4, 5, 6, 7, and 8 repeats of TTAGGG. The red outline is the
summation of 1, 2, and 4 Gaussian fits for G4, G5, and G6 respectively. (C) Representative
single molecule trace for G4-G8. (D) Plot of half time, t1/, obtained from fitting dwell times
to exponential decay. (dwell times are denoted by blue arrow in single molecule trace)
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(A) Schematic of complementary 12-mer, C2, binding to single stranded portions of the
telomeric overhang repeats. (B) Frequency count histograms before and after binding of C2
to G3TTAG and G4-G8. (C) Percent accessibility calculated for single molecule and
ensemble FRET. (D) Example contour plots (side view) and (E) top-down view of two G4
molecules and two G6 molecules incubated with C2, imaged with atomic force microscopy
(AFM). (F) Width distribution histograms of molecules for G4 and G6 before and after the
addition of C2 collected by AFM imaging.
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(A) Schematic of RAD51 and RecQ helicases (WRN and BLM) to DNA. (B) Frequency
count histogram before and after addition of RAD51 on G3TTAG and G4-G8. (C) Summary
plot comparing percent accessibility between RAD51, WRN, BLM and C2 for increasing
repeat numbers of the telomere overhang
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Figure 4.
(A) Schematic of POT1 unfolding the telomeric DNA. (B) Molecule frequency count

histograms before and after addition of POT1 for G3TTAG and G4-G8 DNA. (C) Plot of
percent accessibility for POT1 binding to increasing number of telomere overhang.
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Figure 5.
(A) Schematic of single molecule pull-down of overexpressed telomerase (flag-tagged) from

HEK?293T cells. (B) Images and (C) quantification of molecules pulled down demonstrating
the specificity of telomerase capture. (D) Schematic of colocalization of telomerase (Alex
647 labeled antibody) and Cy3-labeled telomeric DNA. (E) Percent occupancy of DNA to
telomerase calculated by the percent of colocalization. (F) Gel image from primer extension
assay with various repeat length constructs. (G) Quantification of extension activity by using

Image J and Image Quant.
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